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SUMMARY

\:>3The major tasks under the current contract have in general involved the
photochemistry and kinetics of nitrogenous molecules, using F, and KrF excimer
lasers as initiating sources. The results of this three-year program are
summarized below.

) 'T;Noz has been dissociated at 2485“&?’ievealing in its nascent NO
vibrational distribution a very strong inversion, in which
vibrational levels near the thermodynamic limit of v = 8 are
strongly populated., These observations suggest a new technique for
atmospheric and c:ﬁ%ustion monitoring of NO, and may be applicable
to other polyaggn ¢ systems.

e “SResonance excitation of NO by the 1576:%’FE’1aset line has been
obgserved and the spectroscopy clarified, By this method,
collisional cascading in NO, originating at the B'zA state, can be
studied, and the B'ZA-BZH/B'zA-XZH branching ratio has been
determined. This observation provides a method for monitoring the
intensity of the principal F, laser line in a totally unambiguous

_mananer. -os
}‘ ar D & EUASLE

haz_,ﬂ kol A/ — e
o We attenpted t<>\q$xdygkhe OZ(AT +) state by laser-induced
fluorescence (LIF). However, we found that even uader the best
conditions, in which 0.6 e} wide, 6 mJ pulses of 2489 A radiation
were tuned to the O, absorption lines, it was not possible to detect

Atk 30 /\\\
\ \‘?f_"u\*.,_,__/

an emission signal. This observation sets a minimum value on the
rate coefficient for quenching Qz(A?t +) in the v = 8 level by 0,.
\\f RPN RS 3% ?
® _,Radiative lifetimes of the CN(&EH) state have heen measured for
v = 0=5.. The data give, for the first time, good agreement with
theoretical predictions. . , o
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. Quenching rate coefficients of CN(A2€3 by CZN2 have been determined
f for v = 0-5¢. these coefficients increase rapidly with vibrational
} level, except for an anomaly at v = 4, For the v = 1 level, CO,,

E: Nz, 32, 02 and NO have been investigated as quenchers.

® “JAn evaluation of the heat of formation of NCO indicates that the
most recent determination is inconsistent with kinetic requirements
\

and must be re-interpreted.. N

. SlPhotodissociation of C}NfWat 1576’f}populates CN{XEH) up to the one-
photon limit of v = 5, with a strong maximum occuring a¥ v=2,
However, there 1s secondary production of CN(A), and it appears that
levels up to v = 9 are generated by energy pooling of vibrationally
excited ground state CN molecules. Each vibrational level of the
CN(A) state has a unique dependence on laser power. Relatively
intense and immediate emission from the CN(BZZ+) state is also
observed, which 1is not possible with a one—-photon process. We

10

concur with the work of Jackson and Halpern =~ who have concluded

from their work at 1930 A that C,N, can be doubly excited at

'
M e e e

moderate laser fluxes to give the CN(B) state.

® 1 Simultaneous photodissociation of CiNE‘and OE\at 1576‘i—2esu1ta {n
greatly enhanced CN(A) and CN(B) emission intensities over those
obtained in the absence of Oé",' due to slow secondary processes
Emissions were also seen from CO(A"II), NO(A22+), NCO(A), NCN(A)) and
CCN(A), over times exceeding 1 ms after the laser pulse. It is
believed that highly exothermic chemical reactions, possibly
involving N(zvb and NCO, are responsible for the CO and NO
excitation, whereas the most likely energy carrier that populates
the triatomic excited states is vibrationally excited CO. The
chemistry of the triatomic molecules is believed to play a large
part in the overall energy flow of this system.

111
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INTRODUCT ION

Nitrogen compounds as a class are of considerable importance in combus—-
tion processes becaugse many of them have high heats of formation, which often
make their reactions quite exothermic. The purpose of this three-year study
has been to explore photodissociative methods for generating some of the more
interesting chemical specles, then to obtain information on reaction kinetics
and pathways, energy flows, and radiative lifetimes of excited molecules, and
finally to determine which of the active species were likely to be the

principal energy carriers under combustion conditions.

In this study, we concentrated on two starting materials, cyanogen (Czﬂz)
and nicrogen dioxide (Noz), and have been able to investigate other inter-
mediates, including CN, CCN, NCN, NCO, CO, and NO, in a variety of
electronically and vibrationally excited levels.

Most of the work performed has involved excimer laser photodissociation
of the parent molecules, using a 1576-A F, laser for C,N, and a 2485-A KrF
laser for NOZ' This has enabled us to obtain temporal information on the very
rapid processes taking place in these systems, and it is evident that both
physical and chemical interactions are important. For example, the triatomic
molecules NCO, NCC, and NCN are chemically produced in an C2N2-02 system,
whereas the distributions of the various CN electronic and vibrational levels

that we see are a consequence of physical quenching processes.

Alcthough the lasers we used have not had especially high intensity
(typically 10-20 mj) and have not in general involved focusing, we neverthless
find that multiphoton effects are very marked. In the case of Noz our results
form the basis of a possible diagnostic scheme for Noz in the atmosphere or in
flames, whereas with CZNZ we were able to demonstrate the number of photons

required to excite the various excited states that we observe.

We have attempted to use laser~induced fluorescence (LIF) techniques to
generate the important A32: state of 0. Although not successful, we have
established a firm lower limit for the rate at which 02 quenches this state.




RESULTS AND DISCUSSION

Photodissoclation of NO, in the 2480-2900 A Region

Appendix A is a recently published article on this study. To summarize,
we have obtained a nascent NO vibrational distribution for the process
N02 +> NO‘

possessing vibrational energy near the thermodynamic limit. For instance, at

+ 0(3P). It is very nonstatistical, with most of the NO molecules

2485 A, NO can be produced with up to eight quanta of vibrational energy, and
we find that most of the molecules are in v = 6-8, with a peak at v = 7, This
also seems to be the case at lower input energies; where v = 5 {8 the upper
limit, there is in fact a large population in v = 5. These observations are

consistent with earlier studies performed at wavelengths above 3000 A.l'z

These studies have also demonstrated a potentially useful and general
phenomenon. Although such experiments are normally performed by a "pump and
probe” technique - one light source photodissociates NOZ while a second uses
LIF to sample the resulting NO - we have shown that NO can be detected, and
NO, thereby inferred, with a single laser. Because Noz exhibits continuous
absorption in the 2000~4000 A region, tuning to an NO, feature is unnecessary,
and 1if the laser wavelength 1s selected to coincide with an NO absorption
line, then the same wavelength will photodissociate NO, and give an LIF signal
from NO. The process is

hv

1
NOZ > NO

# + o 3P)

th

- NO* + NO + hv, (1)

where hv, is a wavelength coincident with a transition from vibrationally

excited ground state NO to some level in the NO A or B electronic states. For
example, hv, can correspond to lines ian the 2-7 NO(A-X) band at 2760 K,
whereas hv, can (for convenience) be a line in the 2-6 band at 2635 A.
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Because such high vibrational levels of NO are formed, their detection is
characteristic of the presence of NOZ; that is, such vibrationally hot NO is
unlikely to be formed in any other manner. Thus, the process is the basis of
an N02 detection scheme, which could be useful in both atmospheric monitoring
and probing of flames. UV detection of NO, by this method has considerable
advantages in several respects over the conventional direct LIF detection of
NO, in the visible spectral region in terms of efficiency and improved
signal-to-noise ratio and should be given serious consideration as an
alternative technique. Furthermore, two-photon consecutive processes of this
type can in principle, be used for other molecules, the requirement being that
the parent molecule exhibit continuous absorption, while the daughter molecule
should have strong line absorption (and emission). Conceivable candidates
include NH, and HNOZ.

Photoexcitation of NO at 1576 A

Before investigating NO, photodissociation at the Fz laser lines
(1575.233, 1576.299 A), we realized that it was important to see what would
happen to the NO produced in this system. There are two questions here. The
NO produced by one laser pulse would still be present at the next laser pulse
(10 Hz was a typical laser frequency), with a totally relaxed energy distri-
bution (ground electronic state, v = 0, 300 K rotational temperature). Thus,
LIF processes could be simulated simply by photoexciting NO. On the other
hand, the analogy of the process described in the previous section, where NO
produced in high vibrational levels is further excited within the 10-ns laser
pulse to electronically excited states of NO, could possibly be observed.
Thus, two NO excitation processes could be operating when NO, is photo-
dissociated.

Figure 1 shows an NO fluorescence spectrum of the visible spectral

region. The resolution is poor because this is a saturated photographic

spectrum, designed to maximize weak features. The principal sequence is the
NO(B'ZA-BZH) 3-v" progression, whereas the feature at 6000 A 1s the
No(E25*-A%s%) 1-1 band At 5401 A is the No(H2:*-A2t*) 0-0 band, previously
reported by us (along with the E-A system) in 1470-A NO photoexcitation.
Weak NO(BZH-XZH) bands at shorter wavelengths are a consequence of the
B'zA » 821 cascade. This latter point is substantiated by demonstrating that

3
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a lowering of the total pressure causes disappearance of the B-X 2-v" bands.
Because the B'-B 3-2 band is very weak, if it is the source of B(v = 2), just

such a change is expected.

Figures 2(a) and 2(b) show uv spectra, with and without 20 torr helium,
of NO fluorescen.:e. In the absence of helium, the only observed emission is
the B'ZA » x%n 3—v" progression, and it may be seen that there are six lines
in each band, the transitions from a single rotational level in B'ZA(v = 3) to
the two ground state components of XZH. On addition of He, rotational

thermalization occurs, and the individual lines merge into two bands.

As shown in Figure 2(b), He addition has a large effect on the overall
gpectrum, and other states and levels appear. The CZH and D22+ states are
particularly prominent, and it 18 remarkable how effective He is in causing
collisional cascading, considering that all the states have stroag transitions
to the ground state. For example, the time between NO-He collisions 1is about
5 ns, whereas the NO(B'ZA) radiative lifetime is about 118 ns. Helium must
therefore be effective at moving the NO population between states [not between
vibrational levels because there is no evidence for B'2A(v = 2)]. Similar

behavior is seen 1in electronically excited CO.4

Actually, it 1is probable that the czn and D?2+ states are produced by a
combination of collisional and radiative cascades. Although B'ZA + 02H
radiation does not occur, it is likely that collision of B'ZA with He will
populate the nearby Ezz+ or HZZ+ states, which will radiate to CZH and D22+ in
the infrared. This is a more likely way of generating CZH and Dz£+ than by
removing 1.3 eV with He when all the intermediate states are efficient
radiators. The presence of the NO(AZE+ > xzﬁ) system in Figure 2(b) 1is
probably a consequence of radiative cascading from the CZH and nzz+ gtates.

The appearance of the B'ZA-XZH 3-6 band at 1900 A presents an interesting
problem because it looks different from the other B'-X bands. This difference
occurs because all the lines of the long wavelength triplet have been
suppressed, in particular the two longest wavelength lines. We have yet to
identify the relevant rotational levels, but it seems most likely that the

reason for this anomaly is that the suppressed lines, which are at 1905, 1906,
and 1907 A, lie within the envelope of the C~X 0-0 band, the short wavelength
component of which has a head at 1910 A and is degraded to shorter wave-
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lengths. Therefore, it seems that accidental resonances occur between
B'ZA-XZH 3-6 lines and czn-xzn 0-0 lines, that cause scattering of the former.

Figures 3(a) and 3(b) show spectra of the vuv emission, dominated by the
B'-X 3-v" bands, However, on He addition, the D-X 4-v” progression is
apparent. The D(4) level lies 1380 c:m"l below B'(3), so here is an example of
rapid cross-relaxation between different states. It is fascinating to note
that relaxation of B'(3) to B'(2) only involves removal of 1120 cm-l, yet
there 18 no evidence of B'(2) production; collisional conversion of a A state
to a £ state is the preferred pathway. A further point is that neither the
322+(1) nor the FZA(O) levels, lying 280 and 1430 cnl_l below B'(3),
respectively, are produced. The explanation for these effects lies in the
Franck-Condon overlaps between B'(3) and D(4), compared with B'(3)~B'(2),
B'(3)-E(l), and B'(3)~-F(0). Table | shows that, in fact, the B'(3)-D(4) pair
has the largest overlap, and thus this requirement is much more important than
energy resonance, a conclusion previously discussed by Katayama, et al. with

reference to such interactions in CN.5

On the other hand, from Figure 1 it is clear that there 1s intense
emission from 22£+. The probable explanation for this apparent inconsistency
is that the 822+ state is strongly predissociated, so that even if a
significant portion of the B'2A population 1is moved to EZZ+ (1), fes E + X
emisgion intensity would be very low. Why then is not the E + A intensity
very low compared with B' + B? The answer to that depends on the E-A/E-X
branching ratio compared with the B'-B/B-X ratio. Below we show that the
B'-B/B-X ratio is 1/150. 1If the E-A/E-X ratio is much larger than this, then
the observation would be explained. 1In support of such a conclusion 1s the

fact that the C-A/C-X branching ratio is surprisingly large,6

approximately
0.65, and the C and E states are both Rydberg in character and may thus behave

in a similar manner.

From the data of Figures 1 and 2, there 18 no evidence of any two-photon
process of the type seen with NO,; thar is, the vibrationally excited NO
produced during B'-X emission is not excited by a subsequent 1576-A photon to
another emitting state., The spectroscopy of NO that is accessed by this
accidental resonance with the F, laser line i3 very interesting, and energy
migration between the various states and vibrational levels could easily be

followed as a function of added quencher. An important point is that this
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Table 1

Overlap Integrals for B'ZA(V-3) with Other States

S
State
FiA(v = 0)
E22+(v = 1)
B'2A(v = 2)
st (v = 4)

Overlap Integral

2.1 x 1073
1.4 x 1072
3.2 x 10731
6.8 x 10-2

AE(cn-l)

1435
281

1119
1379

e
R & L
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fixed frequency source is a useful probe for NO. Rather than monitoring laser
power with a power meter in the vacuum—uv, with its attendant problems, it is
much easier to add a few millitorr of NO and monitor the yellow emission in
the visible or the considerably more intense uv emission. Once the laser
power is calibrated at a given set of pressure conditions, this emission is an

absolute standard.

The rotational levels involved in these transitions can be identified on
the basis of the resolved B'-B lines that appear in the visible spectral
region and the tabulation of the B'-X 2-0 line positions given by Miescher.7
Figure 4 shows two of the B'-B bands observed. Five lines are apparent in the
3-1 band at the best obtainable resolution, although two pairs of triplets are
expected, as in the uv., In the 3-3 band, the central one of the five lines is
split into two, showing that there are in fact six lines, and the five lines
in the 3-1 band are only due to coincidence, between an R line of ome triplet
and a P line of the other,

From this coincidence in the 3-1 band, one may easily set up an equation
to identify the rotational levels involved. Because the separation of the
pairs of triplets is just the spin-orbit splitting in the BN state, which is

known as a function of vibrational level, one may write
Bv(l/2)(J" + 2)(J" +3) = A+ Bv(3/2)J"(J” +1) -6 (2)

which expresses the fact that from the initial rotational level in the B'ZA
state, the P line to the BZH(I/Z) component 1is coincidental with the R line to
the BZH(3/2) component. Values for the parameters A, Bv(l/Z)’ and Bv(3/2) are
found in the literature, and 5 is merely the energy difference between the R
and P lines in question, zero (for our resolution) for the 3-1 band and

-4 cm-l for the 3~3 band. Solving equation (2) then gives J" = 6,67 for the
3-3 band and J” = 6.75 for the 3~1 band. Considering the spectral resolution
we have, we conclude that J” = 6.5 must be the lower rotational level of the
BZH(3/2) component. As it is an R line, the initial rotational level in
B'ZA(v = 3) must be J' = 7,5,

The remaining question is then the identity of the rotational level in
the NO ground state responsible for the transition at the laser wavelength,
1576.299 A.

10
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Because the B'-X 2-0 line positions are tabulated and the rotational
congtancs for B'ZA(V = 2,3) are known, with the v = 2 + 3 rotationless spacing
one may calculate line positions for the B'~X 3-0 band, with the expectation
that the best fit to the F, laser photon energy will be found for a line with
an upper state J' = 7.5, 1i.e.,, a P(8.5), Q(7.5), or R(6.5) line. 1In fact, the
result 1s that Q;,(7.5) lies at 63439.49 cm.l, only 0.25 cm-'l from the laser
line, which should give enough overlap to provide reasonable absorption.

Thus, the absorption process is
No[X21(1/2), J* = 7.5) » No[B'2A(5/2), J' = 7.5]. (3)

The cross section for absorption of the laser line by NO has been measured, as

1

shown in Figure 5. The value of 8.8 cm atm-l indicates that the match 1is

not ideal and may well exceed 0.25 cm-l. We are in the process of calculating
the mismatch from assumptions about the line shapes and knowledge of the

absorption oscillator strengths.

Because we observed a strong emission in both the B'~B and B'-X systeams,
we measured the branching ratio for these two transitions. With use of a
deuterium lamp for the uv spectral region and a tungsten lamp for the visible,
we calibrated the monochromator-photube combination to obtain absolute
intensities for the B'-B 3-1 band at 5900 A and the B'-X 3-12 band at
2335 A. Using Franck-Condon factors given by N:lcholls8 and an assumption of
congtant transition moments for the two band systems, we determined that the
branching ratio for emission from B'ZA(v = 3) to the XZH and an states 1is
150.

Czﬂz Photodissociation

Our most extensive studies to date have involved photodissociation of
cyanogen and its interaction with oxygen. These investigations have included
spectroscopy, kinetics, energy transfer, multiphoton processes, and chemical
generation of various excited states of diatomic and triatomic molecules.

The NC-CN bond strength is 5.58 eV, so with the 1576-A F, laser that we
used in all these studies, 2.3 eV excess energy is available to excite the CN
fragments in a one-photon process, Figure 6 shows the CN potential curves,
and Table 2 gives the maximum vibrational energies attainable, determined by

12
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Table 2

VIBRATION LEVEL LIMITS FOR CZNZ
PHOTODISSOCIATION AT 1576 A

Photodissociation Vibrational Level
C,Ny + CN(X) + CN(X) v=29
C,N, » CN(A) + CN(X) v =5 (A)
v =4 (X)
vey_

C,N, + CN(A) + CN(A)




the assumption used for the CN product electronic state. Thus, if the
products are CN(A) + CN(X), as determined by Cody et a1.9 at 1600 A, then the
maximum CN(A) vibrational level is v = 5, and the maximum CN(X) level 1is

v = 4,

Although the radiation from the 12-mJ F, laser is unfocused, we find that
levels up to v = 15, and possibly v = 16 in the A state are produced, as well
as intense emission from the B state. Figure 7, a spectrum of the visible
radiation from this system, shows that the A levels above v = 5 do coatribute
to the spectrum. Thus, we tentatively conclude that multiphoton excitation 1is
a major process in this system. “"Multiphoton™ is a loose description of
processes that require either (1) a molecule to absorb more than one photon,
(2) a molecule that is a photodissociation product to absorb during the laser
pulse that produced it, or (3) the interaction of product molecules, each of
which requires photoabsorption to generate, In the present case, we find that
the emitting states are at much higher energy than can be achieved by single
photon absorption, so we must ultimately determine the nature of the

multiphoton process.

Before discussing the multiphoton effects, it is important to understand
the single—~photon process. For example, what CN(A) vibrational distribution
is attributable to normal C,N, photodissociation at 1576 A? We have
determined this distribution from CN(A,v = 0-5) by measuring emission intensi-
ties, using interference filters, for the 0-0, 1-0, 2-0, 3-1, 4-0, and 5-3
CN(A~X) bands. By taking into account filter transmission, phototube
sensitivities, Franck-Condon factors, and frequency factors, we were able to
establish the populations of these six CN(A) levels, as shown in Figure 8.
There is a strong inversion with more than half of the CN(A) formed being in
the v=2 level. It is likely that the photodissociative channel represented by

C,N, + 2CN(A, v = 0) + 300 cn™! (4)

is not important. Given this distribution, it is apparent that the CN(A)
levels shown in Figure 7, all for v » 3, represent only a few percent of the
total excitation. The dynamics of the dissociation that produces such a
distribution is of great interest for further study. Furthermore, it 1s
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important to study the vibrational levels inuividually, above and below the
one-photon limit of v = 5,

Insight into the mode of population is best obtained by observing the
time-resolved emission of various bands. The traces in Figure 9 show the
temporal behavior of v = (-5 levels in the A-X system. For v = ]-4 the traces
are similar, with no build-up time and with a decay in the 5-pus region, close
to the A gtate radistive lifetime. However, slower components are also
evident and the 4-0 band is shown on a different time scale in Figure 10,
demonstrating that the slow component represents about half the total
integrated emission., This fraction is smaller for lower CN(A) levels.

Figures 11 and 12 show traces for bands from A levels with v > 5. The
5-3 band shows a fast component, just as for the lower levels, but now the
slow component is dominant. For levels above v = 5 there is no fast
component, so it is clear that the direct dissociation

cN, + vyt + ane? (5)

populates CN(A) levels all the way to the thermodynamic limit of v = 5, and
higher vibrational levels are populated by another mechanism, one involving
collisional effects, as demonstrated by the intensity buildups shown in

Figure 12. Of course, there 18 no reason why this mechanism should become
iaoperative below v = 5. Thus, these levels show a slow component that
becomes less important as v decreases, although the reason for this decreasing
fraction i{s almost certainly because of the rapidly increasing population in
the lower levels; that 1s, the amount of the slow component in all levels may

be constant.

Emission of the CN(B-X) bands near 3885 A is considerably more intense
than that for any individual A-X band. The temporal behavior of this
eaission, principally the 0-0 and 1-1 bandas, is shown in Figure 13a. The
intensity maximizes within the laser pulse, and the decay lifetime is close to
the 65 ns radiative lifetime of the B state. Thus, the B state is a primary
product even though a 1576-A photon falls 7300 cm-l short of being able to
generate CN(B) directly from C2N2. It is thus apparent that a two-photon
process in CZNZ is responsible for CN(B) state production,
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hv * h *k
CoNy =5 CoNp* 5 CoN,™" » CN(B) + CN (6)

where the second CN can be in the X, A, or B states. Interestingly, two
7.9-eV photons into CyN, leave the molecule 2 eV above the ionization limit,
so generation of CN(B) must be a very inefficient process. Jackson and
Halpernlo have reported CN(B) production from 1930 A photodissociation of CzN2
and concluded that this observation could only be explained by true two-photon
absorption in CyN,, with an efficiency of 10_3. Our efficiency 1is also of
this order, perhaps slightly less, and probably the ionization loss channel is
in part responsible for this low efficiency.

Because the CN(B) production must be due to a multiphoton process, it is
of interest to confirm this by measuring the power dependence of the emission
intensity. We do this by using NO(B'~B) 3-1 fluorescence, clearly a linear
process, as a relative power monitor, and we found, as shown in Figure 14,
that the CN(B~X) emission intensity is first-order in laser power. This is an
unexpected result, and its explanation is not obvious. The usual rationale
for a linear power dependence in a multiphoton process is that the higher
transitions are saturated; that is, all molecules reaching the level Af are
then further excited to Af* because the A% + A%+ absorption cross section {is
much higher than that for A + Af. However, we know here that CN(B) is a minor
product compared with CN(A, v = 0-5) one-photon generation, so that the first
excited state, CZNZ*' dissociates rather than being further pumped to CZNZ**.
Thus, the CZNZ* > CZNZ* process should have a linear power dependence, and
the overall power depeadence ought to be quadratic. Further research is

required to resolve this problem.

Shifting our attention to the CN(A) power dependence, we find that this
is also a complicated matter. Figure 15 shows the power dependence of the
CN(A-X) 5-3, 6-2, 7-2, 8-2, and 9~3 bands, and it may be seen that their
integrated intensities have differing relationships to the laser power. For
v = 4 and below, we have not peformed such measurements systematically,
because we know that the decays for v = 3, and 4, are multi-component. From

Figure 16, in which the exponent of the expression

emission iatensity = (laser power)" ¢))
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is plotted against vibrational level, we must conclude that different CN(A)
levels have different mixes of sources. The v = 7 level is produced by (at
least) three photons, and higher levels incorporate this source together with
an additional source that appears, interestingly, to require fewer photons.
The B(0) level is isoenergetic with A(10), and the data seem to indicate that
for this energy region, the power dependence is first order, That is, for CN*

1

generated at ~ 26,000 cm -, both the A and B states are produced from a single

source, presumably a sequential two-photon process in CZNZ‘

For CN(A, v = 6,7), which appears to involve a clean three-photon

process, we may be able to deduce the source., If, as we hypothesize, the

principal photodissociative mode of 02N2 is to give one CN(A) and one CN(X)
and because the CN(A) vibrational levels are populated in the one-photon case
to the thermodynamic limit of v = 5, we should expect that the same 1is true
for CN(X). That is, when the CN(A) is produced in v = 0, CN(X) can be
produced up to v = 4, It 18 reasonable to suppose that the source of levels
of CN(A) above v = 5 {s the vibrational energy of ground state CN. The other
alternative, that there is a radlative cascade from some high CN state iato
CN(A), 1s not substantiated because no unidentified emission is observed at
wavelengths longer than 1600 A and the buildup in the time-resolved plots is
more compatible with a collisional than a radiative source.

If high levels of CN(A) are produced by energy pooling between CN(X)
molecules with v < 4, how many CN(X) molecules are needed? To make
CN(A,v = 7), which has an internal energy of 21,000 cm_l, from CN(X,v = §4),

-1, two CN(X,v = 4) molecules are

with an internal energy of 8000 cm
insufficient; nine CN(X) vibrational quanta are needed, which can be supplied
In various three-molecule combinations (e.g., 4-4-1, 4-3-2, 3-3-3), At
pregent, this is the most reasonable explanation for the cubic dependence
shown in Figure 15, and confirmation will require knowledge of the kinetic

behavior of the vibrationally excited ground state population.

C,oN; Quenching and Radiative Lifetimes of CN(A%m)

With the ability to generate six levels of the CNfA) state in a primary
process, we can easily determine quenching rate coefficients, and by using
CzNz as the quenching gas, we are able by extrapolating the data to zero
pressure to obtain the radiative lifetimes of the individual levels.
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Although many workers have measured the lifetimes, there is a surprising ;

lack of consensus not ouly of the absolute values, but also of the variation

Yo W

of lifetime with vibrational level. These issues have recently been addressed
11

e

in two theoretical papers by Cartwright and Hay = and by Larsson et al.,12 who

have concluded that at the minimum, the relationship between radiative
lifetime and vibrational level should be such that for the lowest levels,
} radiative lifetime should significantly decrease with increasing v. However,
' this behavior has not been observed experimentally. The data of Jeunehommel3
show a relatively constant radiative lifetime for v = 1-9, those of Duric et
! al.lﬁ

whereas those of Katayama et al.

show a similarly constant but shorter value for the radiative lifetime,
3 show values comparable to those of Duric et i
S al. although the lifetimes appear to increase with vibrational level, Each of
these studies has experimental problems, as described in the paper by Larsson
et al,, and it appears that definitive data have been lacking. Our study is H‘

the most direct experimental determination to date, involving as it does

photodissociation of c2N2 to give CN(A) in six vibrational levels as primary
products. Figure 17 shows the data for quenching of the individual levels by
C,Ny, the intercepts giving the radiative lifetimes. Although the CN(A-X) 0-0
4 band 1s at 1.1 4, a spectral region difficult to study with a phototube, we
were able to obtain data for comparison with the only other lifetime
determinations for the v = 0 level, those presented by Jackson et al.lS and
Conley et a1, 16

Figure 18 compares the lifetime measurements with those of the two

L' theoretical models given by Larsson et al.lz and the model presented by
Cartwright and Hay.ll Although the quenching data show very good precision,

the latercepts are very sensitive where the CZNZ quenching rate coefficients

are large, as for v = 5 in particular. The v = 4 data present the greatest
problem for computer analysis because there is a slow component uander the
primary decay, seen in Figures 9 and 10, and the shape of this component is
not known (it may start at t = 0 with zero intensity). Thus, the v = 4 data

has the greatest error bars.

It is evident that the lifetimes follow the trend predicted by the three
theories, falling from 8.5 us to 6.2 us as v increases from 0 to 5. Although
the v = 3 value of 5.50 us 1is somewhat low, there is no indication that the
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data are at fault -- for example, the quenching line in Figure 17 is particu-
larly precise and reproducible, It is possible that some specific interaction
may occur between the v = 3 level and a neighboring ground-state level. The

v = 0 lifetimes measured by Conley et al.!0 are 8.4 t 2.1 us and 6.2 + 0.9 us,
15 is 7.2 + 1.0 us.

Nishi et al.17 have recently reported a value for v = 2, shown in Figure 18.

whereas that recently reported by Jackson et al.

The quenching data, summarized in Table 3, show an interesting trend, 1in
that although the quenching rate coefficient increases with increasing
vibrational level, the data for v = 4 alone show an unexpected drop. An
attempt to correlate the coefficients to vibrational frequencies or overtones
of CyN,, was not particularly successful; therefore, it is not evident why v =
4 should be unique. However, because the observed rate coefficients are
extremely large, particularly for v = 5, it is unlikely that the interaction
involves V-V transfer. Instead, our expectation is that collisions with CZNZ

cause intersystem crossing between CN(A) and CN(X),lS'19

and thus very small
amounts of energy may be involved in the exchange. Thus, lack of correlation
with CyN, vibrational modes is probably not surprising. It is not
thermodynamically possible for the 1ateraction between CN(A) and CzN2 to be
reactive for the lower vibrational levels of CN(A). There is no obvious
evidence for cascading of energy, which would in any case not affect the zero
pressure lifetimes. If A + X + A processes occur, they might be evident as an
facreasing lifetime with increasing CZNZ, causing the lines in Figure 17 to be

nonlinear; however, this 1is not seen.

CN(A%T, v=1) Quenching

Rate coefficients were determined for quenching by COZ’ 02, No, HZ. and
NZ of the v = 1 level of CN(AZH). The data are shown in Figure 19, in which
the slopes give the rate coefficients. These values are tabulated in Table &4
along with the coefficients determined by Jackson et al.15 for the v = 0

level; the data for Czﬂz as a quencher are also included.

For the only point of direct comparison, the data for cznz, our value {s
502 higher than that of Jackson et al.ls Consideration of their precision
suggests that our value is preferred. For Nz, there is an order of magnitude
increase in rate coefficient in going from v = 0 to v = l. Because N, is
obviously not a reactant, it is likely that the cross-relaxation to the ground
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Table 3

RATE COEFFICIENTS FOR QUENCHING
CN(AZ) IN v = 0-5 BY C,N,

Quenching Rate Coefficient

3 1 -1 . qoll

Vibrational Level (cm” molec ™ 8 * x I

*1.35  0.15
.4 £ 0.1
7.3 £ 0.2

11.5 0.3
7.8 £ 0.6
22 £ 0.7

w s W N~ O

15 =11

*Jackson et al."” report a value of 0.9 £ 0.1 x 10
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Table 4

RATE COEFFICIENTS FOR QUENCHING CN(A?H, v=1)
Quenching Rate Coefficient

Quenching (cm? molec™! &7t x 1011
02 3.1 £ 0.1
NO 8.2 £+ 0.2
co, 2.5 £ 0.15
HZ 0.87 £ 0.04
Ny 0.24 £ 0,015
*(0.044 £ 0.005, v = 0)
CZNZ 4.4 £ 0.1

*Jackson et al.15
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state is facilitated for the higher level. It is important to determine 1if a
relationship exists between the A to X level spacings and the rate
coefficients, for which we need to investigate higher A levels. Our CyN,
quenching data show a general increase of rate coefficient with v, although no
reactive pathway is evident for v = 0-5. The large rate coefficients for CO,,
NO, and 0, for the v = 1 level should also be compared with v = 0, In either
case, there are exothermic chemical pathways for each quencher, with NCO being
produced from both 0, and COZ' For NO, a four—-center reaction making N2 and
CO is highly exothermic, whereas the reaction

CN(A) + NO — NCO + N(%s) (8)

is thermoneutral for v = 0, so there may be a large difference in rate for

v =0 and v = l. Further v-dependendent studies should be pursued.

The Heat of Formation of NCO

During our investigation of CN + 0, interactions, our observations on NCO
led us to consider the thermodynamics of this system. The most recent
spectroscopic measurements on NCO have been performed by Sullivan et a1.20 and
from observations of decreasing lifetimes of rotational levels in the NCO(A)

state, they deduced an upper limit in energy for the dissociative process
NCO » NCO(A) + N(2D) + CO 9
From this, they calculated the first dissociation limit
Nco » N(%s) + co (10)

and were thus able to obtain a lower limit for the heat of formatiomn of NCO of
Aﬁf(298 K) » 48 kcal/mole, which compares to the previously accepted value of
Okabezl of AH£(298 K) » 39 kcal/mole. The problem with this new value is that
it is demonstrably too high, because if a value of 48 kcal/mole is used, the

important reaction

CN + 0, + NCo + o(3p) (11)
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is 6 kcal/mole endothermic. Schmatjko and Wolfrum22

of 3 x 10-11 cm3 molec—1
activation energy, while Wittig et al.

report a rate coefficient
s—l for this reaction, which basically precludes any
23 have shown that excess energy is
available in the reaction, because NCO is formed with some vibrational

excitation, with the reactant CN in its lowest vibrational level.,

Thus, the lower limit to the NCO heat of formation reported by
Sullivan et al.zo
it appears that the lower limit of 39 kcal/mole reported by Okabe is close to

must be too high by significantly more than 6 kcal/mole, and

the true value. If this is the case, the shortened lifetimes observed by
Sullivan et al. for the NCO(A) state are not a coansequence of approach to the
N(zo) + CO second dissociation limit, and must have another explanation, one
possibility being a curve-crossing involving a state going to the N(as) + CO
first dissociation limit.

The 92N2-024§ystem

Diatomic Radiators

The interactions taking place in the CZNZ-OZ system are the most relevant
to combustion processes., In the following discussion of our spectroscopic
observations, we focus first on the diatomic emitters, then on the triatomic

emitters.

A good deal is known about the initial reactions in a photolyzed
C,N, + 0; mixture. Schmatjko and WOlfrumzz have ianvestigated the fate of CN

and have found that two important reactions are
CN + 0, » NCO + 0(3P) (11)

and
oN + o(3p) » N(2p) + ¢o” (12)

The reactive pathways available to NCO are not known, but N(ZD) is known to
react with 02,
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N(ZD) + 0, » No + 0(Zp) (13)

O(ID) is also a possible product of this reaction.

Our observations focus on two diatomic emitters, CN(A) and CN(B), and in
addition, we have detected emission from CO(AIH) and from NO(A22+). The CN
emissions in the absence of 0, were discussed earlier; the basic effects
observed on 02 addition are that the emissions become much stronger, that the
temporal behavior changes, and that the vibrational distribution in the CN(A)

system shifts to higher "temperature®”.

In Figure 7 the spectra obtained with and without 03, show that the
distribution of populations is markedly different, even at low levels. For
instance, the 4-0 band is weaker than the 3-0 band without 0,, but stronger
with 0,. The 9-4 band, adjoining 4-0, 1s hardly discerunible in the absence of
0,, but stronger than 4-0 after 0, is added.

Although the spectra do not go below 4000 A, the arrangement of the
optical system passes radiation in the second order of the grating. Thus, the
feature at ~ 7800 A is in fact the CN(B~X) bands at 3885 A. Comparison of the
spectra in Figure 7 shows enhancement of the B-X system relative to A-X on 0
addition, that is, that the processes populating the excited CN states in the
presence of 0, preferentially produce the CN(322+) state. Nevertheless, as
seen in Figure 20, the CN(BZZ+) vibrational distribution changes very little
on 0, addition, in spite of an order of magnitude intensity increase. Figure
21 shows a relatively high resolution CN(B-X) spectrum, with 02 addition,

demonstrating that there is very little population above v = 1.

An idea of the change in time behavior of the emissions on 0, addition is
shown in Figures 13 and 22, which compare the B-X 0-0 band in the absence and
presence of 0z In the former case, one sees little but a single exponential,
with a lifetime corresponding to the known radiative lifetime of CN(BZZ+),

65 ns. Thus, CN(B) is produced within the 10-ns laser pulse although, in
fact, such a process requires 9 eV into 02“2' 1.2 eV more than is available.
Therefore, it seems that a rapid two-photon process occurs in CzNz, during
which an intermediate excited CZNZ state is further excited to a super-excited
state, which then dissociates to CN(B). Such an effect has been previously
proposed by Jackson and Halpernlo from their observations on 1930 A czuz
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photodissociation. However, the possibility should not be excluded that trace
quantities of CICN in the CZNZ are responsible for the CN(B) production in the
absence of 05, since the CN(B) threshold from CLCN 1is 1645 A.Za

In the presence of 02, there 1s a large increase in integrated intensity,
all at long times, as Figure 22 shows., Although there is still a fast 65 ns
component (not apparent with the time resolution used), the principal emission
now has a substantial build~up time of 20-200 ps and a decay time of
100-600 ps. The decay therefore represeants not the loss of CN(B), but the
decay of its source. Varying the 0j concentration has a substantial effect on

Ny the time profiles, as shown in Figure 23.

The change in the mode of production of CN(B) on 0, addition 1is reflected
not only in its temporal behavior, but also in its power dependence (although
not in its spectrum). Figure 14 shows a linear dependence of integrated
CN(B-X) intensity on laser power, whereas upon 0, addition, the intensity goes
as the 1,6 power of the laser power, providing further evidence for the

collisional nature of the CN(B) production process.

The effect on CN(A) of adding 02 is to introduce a long-lived component

to the emission. This is seen in Figures 10 and 24, which show the time

-; : behavior of the A~X 4-0 and 6-2 bands. In the case of the 4-0 band, the

: prompt radiation is unaffected by 0, addition, as expected, and the additional

H intensity caused by 0, comes at long times. Although the traces shown in

I Figure 10 are not dramatically different, the integrated intensities, which

vl are measured by the photographic spectra, are greatly increased by the
presence of the long-lived component. Figure 24, showing the temporal
behavior of the A~X 6-2 band, demonstrates the chemical production of the
v = 6 level; the integrated intensity of the long-lived component is an
extremely sensitive function of the amount of O, present. Note that the
buildup of the long-lived component is far more rapid for the A state than for
the B state (Figure 22 and 23).

As mentioned earlier, the high vibrational levels of the CN(A) state are
much more sensitive to O, than are the low levels; in fact, the 2-0 band is
unaffected by 0, addition. Thus, the CN(A)-producing reaction that is induced

by O, preferentially populates high levels of the A state.
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The spectrum of the CO(A-X) system that appears on photolysis of CyN,-0,
is shown in Figure 25. Although bands from v' = 1 and 0 are the most intense,
CO(A) levels up to v = 8 are discernible, the 6-1 band being particularly
prominent. As v = 8 in the CO(A) state lies 9 eV above the ground state, a
highly exothermic reaction is needed to generate such a high degree of
excitation. The facts that CO itself does not absorb 1576-A radiation and
that various vibrational levels are populated indicate that excitation occurs
through a chemical process, which 1s borne out by the observations, shown in
Figure 26, that the emission builds up and decays relatively slowly; the
CO(AIH) radiative lifetime is 10 ns. The temporal behavior of this emission
looks neither like that of the CN(A-X) nor the CN(B-X) system; the emission is
strongest at the highest 0, density used.

The observed NO(A-X) emission in the 2000-3000 A region is characterized
by a vibrational distribution in which only the v = 0 and 1 levels of NO(A22+)
are populated, as shown in Figure 27. The temporal behavior of this emission
is shown in Figure 28, the profile looking somewhat like CN(B-X) emission.

The four emitters discussed in this section, CN(A), CN(B), CO(A), and
NO(A), all exhibit slow decays, suggesting long-lived sources, the
characteristics of which must be that the reactants either have a long
lifetime or are continually generated, and that oxygen must be involved. The
long-lived components of the system are the ground state particles, O(3P),
CN(X), and the ground state triatomics, NCO being the only one of whose

presence we can be certain.

Perhaps the most diagnostic observation 1s that CO(A) is formed, with
vibrational excitation giving a total energy of 9 eV. Such a reaction must
involve both a highly reactive reactant and a very stable product. Of the
various possibilities considered, the ianteraction between N(ZD) and NCO seems
to be the best candidate. The following sequence of reactions indicates how
CO(AIH) might be formed:

0, 2 oclpy + o(3p) (14)
hv

CoNy =—> CN(A) + CN(X) (15)
46




|
|
' I ] | T
i [C,N, =50 mtorr
3 | [02] = 100 mtorr
[He] =10 torr
k. 5
) 3
3
é
3 i
i }
i
i
‘ 1 .
1700 1600 1500 1400
Wavelengths, A
JA-6274-20 f
b FIGURE 25 CO (A-X) EMISSION SPECTRUM
1




i 70 | | 1 5
60 100 m torr O, !
g [02N2] = 50 mtorr ;
= _ 50 | [He] =10 torr  _|
A i
s 50 mtorr O,
.-‘E';
530 | —
t 25 mtorr O
. — mtorr
5 2 20 |- 2 ~
& b 10 mtorr O,
; z
R = 10 -
f
s 0 1
E ! 0 100 200 300 400
o '
TIME (us)
JA-6274-29
FIGURE 26 EFFECT OF O, ON CO (A-X) 1-0 EMISSION TIME PROFILE
1
! 1




I |

[C,N,] =40 mtorr
(O,] = 100 mtorr
[He] = 10 torr

] |

]

2400 2300
WAVELENGTH (&)

FIGURE 27 NO (A-X) EMISSION SPECTRUM

2100

JA-6274-22



60 7T l T l T l [ (

1 [C,N,] = 50 mtorr
. % 50 — [0,] = 100 mtorr
g [He] = 10 torr
} > 40 -
g

2

s 30 | —

>

: =
E 2 20 m
4 $ w
: [
: b4
’ : = 10 - |
?
0 A W SR S SN N SR S
0 200 400 600 800 1000 1200 1400 1600 1800 2000
. TIME (us)
) JA-6323-30

FIGURE 28 NO (A-X) 0-2 EMISSION TIME PROFILE

50




S R U O

© i

o(3p) + CN(X) » N(%D) + CoO (12)
0, + CN(X) » NoO + 0(’P) (1
N(%D) + NCO + CO(A) + N, (16)

If CO(AIH) were formed in this manner, then the apparent decay of the
emission, shown to be a function of 0, in Figure 26, might reflect the
quenching of N(ZD) by 0,. Figure 29 shows such a plot, the linear section
corresponding to a rate coefficient just twice the accepted value for the
N(ZD) + 0,y teaction.25 Considering the uncertainties in such an approximate

treatment, this agreement may not be inconsistent with the suggested process.

Because the CN(B-X) time behavior (Figure 22) is rather similar to that

of CO(A-X), one may propose a second branch for reaction (16)
N(2D) + NCO » CN(B) + NO an

The exothermicity of reaction (16) to make ground state CO is 233 kcal/mole,
more than enough to give CO(A‘H) in v = 8, It is extremely difficult to find
a similarly exothermic pathway. As a CN(B) source, reaction (17) has the
interesting property that the excitation limit for the B state is v = ];
experimentally, we find most of the population in v = 0 and 1. Nevertheless,
although a common source for these two emissions would be attractive, the time
profiles as a function of 0, are sufficlently different to preclude a single

source.

The very distinct CO(A-X) 6~1 band that appears in the spectrum of Figure
25 offers a clue to the source of the excitation. Just such a unique
signature has been reported by Golde and Thrush26 in the Nz*-co system, and
they contead that the Nz(alng) state generates the co(Ilz") state by energy
transfer and that the CO(IIE-) state then preferentially crosses to the Alﬂ
state at v = | and 6, due to localized perturbations. Fontijn et a1.27 have
presented a spectrum of vuv radiation from a CF4—02 afterglow, in which the
observed CO emission looks very similar to the emission that we observed in
that the 6-1 band 1is strongly enhanced. Thus, it may be that metastable
CO(IIX-) plays a central role in all these systems; it would not be the first
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time that a state that is difficult to detect spectroscopically has turned out
to be chemically important.

Measurements of the power dependence of the CN(B-X) emission indicate a
dependence between linear and quadratic, whereas the N(ZD) + NCO mechanism
suggests that a cubic dependence ought to be expected. Such determinations
often give values smaller that the true power dependence; thus, this

observation is not inconsistent with the reaction sequence discussed above.

Triatomic Radiators

Three triatomic molecules are produced in the CZNZ—OZ system in their
first electronically excited states: NCN, CCN, and OCN. The first of these
can also be discerned in the absence of 0, but its intensity becomes very
much stronger on 0, addition. Just as with the CN(A) and CN(B) states, the l
effect of added 0, 1s very strong.

The spectra of these A-X transitions are shown in Figure 30, and in
Figure 31 is a lower resolution spectrum of the 4200-4400 A region, showing
both the extensive development of the NCO bands, and the CN(B-X) v'=(v'+2)
region. Although a strong feature occurs at the position of the B-X 5-6 band,
this identification cannot be correct because the spectrum in Figure 21 shows
no evidence for the 5-5 band, which would be equally prominent if the v = 5
level were populated.

The temporal behavior of the triatomics is shown in Figure 32 for a fixed
CZNZ and 0, pressure. They behave in a remarkably similar manner, although
the precision of the data is sufficiently good that the slight differences are
certainly real. Nevertheless, it is tempting to try to explain these profiles
by a single-source reaction. Because the radiative lifetimes of these excited
states are less than a microsecond, the profiles reflect collisional, and not
radiative, processes, and because in each case 05 18 a critical component of
the gystem, it seems that a reaction involving either atomic or molecular

oxygen is required, even when the product contains no oxygen.

The temporal profiles of the triatomics are again a strong function of
the 0, density. Figure 33 shows this relationship for NCO(A), where the decay
rates are in the millisecond range.
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A restriction placed on reactions that occur over such a long time 1is
that the known components of the system become limited. For example, the
lifetime of CN is controlled by its reaction with 0y At 30 mtorr 0y, the CN
lifetime is 100 us. Thus, CN cannot be involved in the chemistry that makes
the triatomic excited states because their decay times are much longer.
Similarly, because N(ZD) is made from CN [reaction 13] and has a lifetime in
30 mtorr 0, of 180 us, it also seems to be too short-lived to account for the
decays of the triatomics, which are about three times longer. Since these
products are both highly excited and unstable [the heat of formation of NCN(A)
is approximately 210 kcal/mole, or 9 eV], it is not at all evident what

reactants can produce them.

However, if the source is not chemistry, but energy transfer, then there
is a long-lived species that could be responsible: vibrationally excited
CO. This 1is generated in the reaction between 0(3P) and CN, reaction 12, and
for the channel giving N(AS) as a product, excitation up to CO(v = 17) 1is
possible. Schmatjko and Wolfrumz2
C,N, densities comparable to ours, there was no apparent loss of CO(v = 12)

measured up to v = 12 and observed that for

even at 250 ps after initiation. Thus, here is a species that is long-lived
and 1s certainly energetic enough to generate the excited triatomics: CCN(A)
and NCO(A) require CO(v = 11), whereas NCN(A) requires v = 16. How efficient
such V + E processes might be 18 unknown, but this explanation for the excited
triatomic production gets around the severe energy requirements for chemical
production, and is consistent with the CO(v) lifetimes in CZNZ'

Because vibrationally excited CO is formed through reaction 12, the power
dependence of the triatomic emissions might be expected to be at least
quadratic. Again, this does not appear to be the case, as shown in Figure 34,
where for both NCO and CCN the dependence is between linear and quadratic.
NCN, however, does exhibit quadratic behavior, which could correlate with the
fact that the most energy is required for its excitation.

Apparently, CCN and NCN are formed in their ground states during the
early part of the reaction. It is possible, in fact, that CCN is a photo-

dissociation product. If this could be substantiated by LIF probing on the
A-X band at 4600 A, then the heat of formation of CCN could be specified much
more precisely than the value of 133 %+ 30 kcal/mole given in the JANAF
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tables. For instance, if CCN is produced at 1576 A, then
Aﬂf(CCN) < 143 kcal/mole. Such information is extremely important in

determining possible reactive pathways in combustion processes.

For NON formation, there is the possibility of various switching
reactions involving NCO; that is,

N(2D) + NCO + NCN + o(3P) (18)
CN + NCO + NCN + CO (19)
and demonstrations of such reactions would also be useful in understanding the
overall chemistry of the system.

The Herzberg I System of 0,

A concerted effort was made to develop an LIF technique to study the
02(A3£:) state, using injection-locking of 2485-A radiation to give a narrow
high-intensity line. We were not successful, and it is important to try to
understand the reason, because in principle, it was a reasonable experiment.
Also, we hoped that the idea could be extended to generating the No(aan)
state.

Using the same arrangement that was used for the NO, photodissociation
study, we tried to directly excite 0y to the v = 8 level of the A32: state.
This A-X traunsition is the Herzberg I system of 0, and is an important
componeut of the terrestrial airglow. Calculations show that the radiative
lifetime for this transition is about 100 ns,28 a value that suggests that it
should not be excessively difficult to see emission from the A state. For
instance, we are able to see radiation from the O(ID) state, which has a 150-s
lifetime.

The problem of instrumental wavelength calibration was overcome by making
an absorption measurement of 0y in the same spectral region in order to
precisely locate the positions of the lines that we wished to pump. Figure 35
shows an absorption spectrum obtained with a pathlength of 4 meters and a
pressure of two atmospheres. This is the K = 9 get of lines, tabulated by
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Herzberg,29

and the data give us a narrow tuning range over which to look for
emission. The reason to search for radiation is that it is not the spectro-
scopy that is of interest here, but the kinetics. Detection of radiation

would enable us to determine rate coefficients for quenching the OZ(A) state,

the most important quenchers being 0, and NZ’

Others have attempted this experiment before,3o’31 but with little chance
of success because the radiation source was not tunable to the absorption
line. It is of no value to use large photon fluxes if they are not within the
bandpass of the absorption. In this experiment, the laser line width was
0.6 cm-l, whereas the absorption line width is 0.1 cm-l. Thus, approximately
15% of the radiation is absorbable by 0. The success of the experiment
depends on the ratio of absorption oscillator strength to quenching rate
coefficient, and the signal level (total photons counted) is basically

independent of 0, pressure.

The number of photons emitted in such a system is the product of the
number absorbed and the fraction of those that radiate. Over a l-cm path,
this number 1is given by

photons emitted = (otRflf/k)Io (20)

where o 18 1 x 10-23 cmz, for the strongest line in the absorption spectrum of

Figure 34, ‘R—l is 6 s-l, f is the overlap between the laser line and the

absorption line (15%), and k 1s the 0,(A, v = 8) quenching rate coefficient by

0710 3 molec™! s'l, and therefore

02. This can have a maximum value of 3xl
the smallest photon emission rate, for all v = 8 bands, 18 3 x 1 times the
incoming photon flux, I,. This latter is 6 mJ/pulse, or 7 x 1013
photons/pulse; thus we have a minimum of 200 photons emitted over all bands

for each laser pulse.

The strongest band from v = 8 {8 the 8-2 band at 2700 A, from which 23%
of the radiation emanates. Thus, the minimum number of photons emitted in
this band is 45/pulse. Finally, we needed to know the system collection
efficiency. This was obtained by calibration against radiation from the H,
anti-Stokes Raman line, a process for which a precise cross section is
known. This resulted in a value of 1 x 10'“ for the system detectfon
efficiency. Thus, the minimum photon count rate becomes 0.0045 photon/pulse.

62

BRI




", ‘b!;' 2

The viability of the experiment then depeads on the ratio of this signal level
to the noise. Of course, if quenching by 0, has a rate coefficient such as
that measured by Kenner and Ogtyzlo32 for the v = 0 level of the 02(A) state,
3 x 10713 cn molec™! s~l, then the signal rate will be 1000 times higher,

4.5 photons/pulse.

It was experimentally determined that the signal-to-noise was such that
we could reliably detect 0.3 hv/pulse, leading to the conclusion that we would
obtain no signal unless the OZ(A, v = 8) quenching rate by 02 is less than
0.0045/0.3 = 0,015 times the collision frequency. Therefore, the lower limit

3 1 _-1

we can set on the 0, quenching rate coefficient 18 5 x 10"12 cm” molec 8™ ',
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CONCLUSIONS

N027Photodissociacion

The work on N02 photodissociation carried out at 2485 A has established
that there is a complete population inversion of the vibrationally excited NO
product. Most of the population is found close to the thermodynamic limit of
v = 8, a fact that suggests some interesting consequences. One obvious
conclusion is that it should be possible to make an ir laser operating on, for
example the v = 7 + 6 NO band at 5.9 p. Another point is that excitation of
the high vibrational levels of NO 1is characteristic of No, photodissociation
in the 2400-3000 A region, so that detection of these levels following a laser
pulse of the right frequency 1is diagnostic for the presence of Noz. There are
a variety of advantages of detecting NOZ in this manner over the more
conventional visible LIF techaique. A considerable enhancement in signal
levels is possible if the 2491 A NO, band is utilized, but we have not yet
been able to carry out the necessary measurements to completely quantify this

conclusion.

NO Photoexcitation

We have established that the 1576 A Fz laser line excites a particular
rotational level in the B'ZA state of NO. This makes possible state-to-state
gtudies that ianvolve NO(B'ZA) as the initial level, and permits an
experimenter to acces a variety of NO states that have been little studied.
Furthermore, this observation provides an excellent method for monitoring the
laser intensity, in a manner much more specific than is attainable with a

power meter.

02(A3£:) Phocoéxcitation

Our attempt to generate the v = 8 level of the 02(A323) state by LIF
techniques proved to be unsuccessful, the principal difficulties being the
small absorption cross section, and the rapid quenching by 0. Nevertheless,
we were able to set a lower limit on the quenching rate coefficient, and

provide guidelines to others who wish to carry out a similar study, on 02 or
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on other molecules with strongly forbidden transition. Ours was the most
recent and sophisticated attempt to carry out this experiment on 02, and it is
clear what will be required for success. We are presumably within an nrder of
magnitude of detecting an emission signal, that is, given a laser with ten
times the power we could have seen a signal. The most obvious improvement
would be to match the laser line width to the absorption line width; this
would give a factor of six improvement in the light absorbed by the 05, which
could well be sufficient to make the experiment work. We estimate that the
generation of the NO(aaH) state in the same manner, and at the same

wavelength, is of no greater difficulty.

CZNZ Photodissociation

New information has been obtained in a variety of areas that involve the
1576 A photodissociation of CZNZ' The products of this process include
CN(AZH) in its first six vibrational levels, and we have been able to carry
out a new determination of the radiative lifetimes for each level. We believe
that these data are superior to any others currently in the literature, and
are in fact the first that show the relationship between lifetime and
vibrational level that is theoretically predicted.

We have investigated the quenching of the six levels by the parent
molecule, and find a general increase in rate coefficient with increasing
vibrational level. This process, which proceeds at collisional frequency for
v = 5, 13 believed to involve intersystem crossing to the CN ground state.
Other quenchers have also been investigated, for the v = | level. They are
less efffcient than CZNZ' and may involve reactive channels. Further work

should be performed to elucidate the products, particularly with 02 and H,.

Although the one-photon limit for the production of CN(A) is v = 5,
excitation up to at least v = 9 is observed, and strong emission from the
v = 0 and 1 levels of the CN(B) state is also seen., In the former case, the
high levels are probably generated by energy pooling involving vibrationally
excited ground state CN molecules, since the temporal behavior of the emission
shows a relatively slow build-up. However, the CN(B) emission temporal
behavior suggests that it is made in a two-photon process, in agreement with
other studies at 1930 A. The power dependence of the emission from the high

CN(A) levels indicates that some of these are produced in processes requiriag
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three photons, and it is important to study the behavior of the presumed
ﬂ energy carrier, vibrationally excited ground state CN, to observe the process

in more detail.

T g

Upon addition of 02. the system gets considerably more complex. We find
greatly eanhanced emission intensities from CN(A) and CN(B), as well as
generation of much higher vibrational levels of CN(A). These are clearly
chemical effects, taking place in the 0.1-1 ms time domain, and more work 1is
needed to achieve a full understanding of the system. It is probable that
N(ZD) and NCO are important reactants. These are two particles that are
produced in copious quantities in a hot CZNZ-OZ system, and they ae expected
to have a large part in determining the overall chemistry. Correlations
between the concentrations of these species and the CN(A) and CN(B) emitters h

should provide useful indications as to the course of the reactions.

Other strong emissions in the CZN2-02 system are seen from electronically
excited NCO, NCN, and NCC, as well as from the CO(A) and NO(A) states. Each
f-_ has its characteristic time profile, and Qe believe that the triatomics are
excited after being generated in the ground state, the agent for their
excitation most probably being vibrationally excited CQO; again, an energy
pooling process is required.

We feel that there is every reason to beiieve that the key to
understanding the overall chemistry of this system lies with the vibrationally
excited diatomics, CN and CO, and with the two species generated early in the

9 evolution of the system, N(ZD) and NCO, CN and NCO can be monitored by LIF
techniques, using a dye laser operating in the 3800-4000 A region. CO and
N(ZD) are most easily detected by means of resonance lamps in the vacuum uv

! region. Subsequent investigations are likely to be most profitable when the
strong visible and uv emissiona in the CZNZ-OZ system are correlated with the
above-mentioned four species. From the point of view of improving our
understanding of combustion and propellant chemistry we feel that further work

along these lines is urgently needed.
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Nascent NO vibrational distribution from 2485 A NO,
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WWMNOﬁHMNMﬁNMMWfaNO,MmuZQSA.
Excitation spectra of the NO vibrational levels were measured by using both the NO 4 °S *«-X /T and
B *[1+~X *IT transitions, the latter being somewhat stronger due to saturation effects. It was determined that
ﬂnNOpopulaﬁonmumﬂyinvmed.vithmtoﬂhethObeinﬁnu-Q—&;thethamodymmic
limit is v = 8. Injection locking of the KsF laser output permitted study of the 2491 A NO, band, and it was
evident that the increased absorption in this region gave greatly enhanced signal levels in the excitation
spectra, at those wavelengths where NO, and NO absorption lines coincide. It was demonstrated that in the
szlmimvdmnhmﬁon.No,anbedewcwdbymeduingledyehur.ximulumudydiswciaﬁn;
NO, and electronically exciting the resultant vibrationally hot NO. Deactivation of NOw = 8) by NO, was
found to proceed with a rate coefficient of 1.1 10-"' c¢m’ molecule™'s~', whereas the coefficient for
quenching by N, and He was <2Xx 10~ cm® molecule~' s—'. The peculiar NO rotational distributions noted
by Zacharias et a/. in their study of NO, dissocistion at 3371 Awmahooblervedinthepreunlwork.

INTRODUCTION

The photochemistry of NO; has been a fertile field of
study for many years, and as each new technological
tool becomes available, it is applied to this interesting
molecule. To a large extent, the long hiatory of NO,
research is directly related to the strength of the O~NO
bond, and the fact that the molecule has low-lying elec-
tronic states; a whole gamut of physicochemical studies
can bi carried out with radiation at wavelengths above
2000 A,

The technique of laser-induced fluorescence (LIF) has
made it possible to study nascent product distributions
in photodissociative processes, Although there have
been a number of studies of NO, photodissociation in the
VUV region, where electronically excited NO states have
been identified, e.g., the work of Welge,  there has un-
til now been only a single LIF determination of the dis-
tribution of NO ground state vibrational levels, reported
by Zacharias ef al.’ for 3371 A photodissociation. At
that wavelength, only the first three NO levels are ac-
cessible, and the authors found an inverted distribution.

There have been other studies in which less direct
determinations have been made of vibrational distribu-
tions, suggesting population inversions. Busch and Wil-
son’ made measurements at 3470 A, at which photolysis
wavelength only NO(» =0, 1) can be produced. McKen-
drick ef al.* showed that at 2485 A there was at least
some production of NO(v =8). Grant and co-workers®¢
carried out muitiphoton studies on the system, and
reached the conclusion that at input energies below the
NO+O('D) threshold, vibratiomally excited NO was pro-
duced, with no indication of NO(v = 0) generation. In the
present paper, we report the determination of relative
NO vibrational populations from NO, photodissociation at
2485 A and other wavelengths, where up to nine NO lev~
els can be reached.

EXPERIMENTAL

A diagram of the apparatus is shown in Fig, 1. The
essence of the experiment is that NO, was dissociated

J. Chem. Phys. 79{S), 1 Sept. 1983
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by the KrF excimer laser, either with the normal ~5 A
bandwidth, or with its output narrowed by injection lock-
ing. To study the vibrational distribution of the resulting
NO, the doubled dye laser output was scanned over the
relevant NO(A ~ X) and NO(B - X) bands, thereby gener-
ating an excitation spectrum. The resulting fluorescence
was detected with a monochromator-phototube combina-
tion at shorter wavelengths than the excitation wave-

length.

For some of the experiments deacribed below, it was
necessary to narrow the bandwidth of the excimer laser.
This was accomplished by injection locking the KrF laser
using the technique of Bigio and Slatkine’. An unstable
resonator with a magnification of 4 (mirror radii R, =75
em, Ry;=300 em, L =113 cm) was set up as the basic
laser cavity. The radiation used to injection lock the
KrF laser was provided by 2 YAG pumped dye laser
that had been doubled to the UV at 2780 A and then
Raman shifted’ one anti-Stokes order in H,. The band-
width of the UV dye laser radiation was approximately
0.5 cm™. The first anti-Stokes order was separated
from the other orders using a Pellin-Broca prism and
injected into the KrF unstable laser cavity through a
1 mm hole in the rear mirror (R;). The timing between
the YAG and excimer lasers had to be adjusted and main-
tained to 1-2 ns for good injection locking due to the
tact that the dye laser pulse was much shorter than the
excimer laser pulse (6-8 ns vs 13 ns). With this laser
system, we were able to obtain more than 50 mJ output
in a beam apertured to a circular beam diameter of 10
mm. We were able to tune this laser over the range
2478-2495 A, At 2491 A, we measured a suppression
of the normal laser emission at 2483 A of greater than
a factor ot 5, thus indicating that most of the energy was
in the injected line. This was conlirmed by the excita-
tion scans of NO, with and without injection locking.

There was a constant flow of gas through the reaction
cell—a 10 Torr He background with NO, introduced as
a 0.7% mixture in He, used without further purification.

© 1983 American Institute of Physics n
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FIG. 1. Appsratus schematic.

Pressures were measured with an MKS Baratron.

Radiation from a small portion of the beam was fo-
cused onto the monochromator slit, and detected with a
photomultiplier. The signal was amplified, fed into an
Ortec digital boxcar averager, and then to a strip chart
recorder. A delay of 100 ns was used between the ex-
cimer and dye laser pulses when they were operated in-
dependently. The system was operated at 10 Hz, and
photons were accumulated with a 10 us gate,

RESULTS

The present results include fluorescence and excita-
tion spectra of the NO A-X and 8-X transitions, kinetic
data on quenching of vibrationally excited NO, and com-
parison of relative NO(v) production from NO; photoex-
citation to the two states in the 2480~2495 A region.
These are described in turn.

NO fluorsscence spectra

In the work of McKendrick ef al.,* it has been shown
that NO, photodissociation with KrF excimer laser light
leads to production of NO(A!Z*) in the v =3 level, at-
tributed to two one-photon processes. The first photon
dissociates NO,, leaving some NO in the v =8 level of
the ground state, and the second photon excites this NO
in the NO(A-X) 3-6 band, the two heads of which are at
2482 and 2490 A. McKendrick ef al.* presented a spec-
trum of the A-X 3-v” progression, and we have also
observed this spectrum [Fig. 2(a)], although it is some-
what weaker than others that we shall describe. This
is so principally because the A-X 3-8 band has a very
small oscillator strength, and has never been detected
in the laboratory. The Franck-Condon factor given by

Ory et al.” is 6%10™, and by Nicholls'® is 1x10™,

Since we have used a dye laser in conjunction with the
excimer lager, we have had flexibility in choosing the
NO transitions to be excited, and in Fig. 2(b) is pre-
sented a fluorescence spectrum of the NO(B-X) 2-v"’
progression. This was obtained by injection locking the
KrF output to the R1(12)~P1(8) transition pair of the
B-X 2-4 band at 2492.2 A, Under the conditions used,
there is some relaxation of the B(v=2) level to v=1 and
0, since the B[l lifetime is relatively long, 3 us.
NO(A ’Z*) relaxation requires considerably greater
pressures, due to the 200 ns lifetime, as shown by Mc-
Kendrick ef al.* The nomenclature that we use for the
A-X and B-X spectral lines is that given by Engleman
et al.'' It should be noted that there is little apparent
overlap between the spectra in Fig. 2, i.e., the KrF
laser bandwidth does not extend as far as the B-X 2-4
band, effectively 2490 A (see Fig. 6). This is consis-
tent with observations of Bigio and Slatkine.’

Excitation spectra

Excitation spectra are essentially absorption spectra,
sampling the populations of the lower levels in a transi-
tion between two states. Thus, to investigate the popu-
lation of vibrationally excited ground state NO molecules
produced by NO, photodissociation, we wish to tune

through NO A-X or B-X bands that terminate on the
X(v) levels.

The A-X and B=X transitions that we consider here
are often intermingled, particularly those whose upper
levels are v=1. This is because the absolute energies
of these two levels are quite close; A(1) =47431 em™,
By,y(1)=47438 cm™, B,,y(1)247408 cm™'. An example

J. Chem, Phys,, Vol. 79, No. 5, 1 September 1983
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FIG. 2. Fluorescence spectra, 100 ns detection delay, 70 mTorr NO,, 10 Torr He, (a) NO(A-X) 3-8 pumping (excimer laser

only). (b) NO(B=X) 2-4 pumping (infection jocking).

is given in Fig. 3, where an excitation spectrum is
shown for the 1-7 bands in both the A-X and B~X sys-
tems. A particular point to be noted is that the B-X
bands are about twice as intense as the A-X bands.
Considering that the former is a much weaker transi-
tion than the latter in terms of oscillator strengths, we
were initially surprised by this effect, which will be
discussed in the next section.

In Table I we list the threshold wavelengths for pro-
ducing NO in the indicated vibrational levels from NO,
photodissociation. Thus, at 2485 A NO excitation up to
v=8 is thermodynamically possible, and this was the
limit observed; no signal was seen from a scan of the
A-X 3-9 band. Figure 4 shows a scan of the A-X 2-8
band, along with the 8-X 0-8 band.

For technical reasons, we wers unable to operate the
dye laser below about 2750 A, so that thers was a lower
limit on the NO vibratiomal level that could be sampled
when the dye and excimer lasers were operating inde-
pendently. This Uimit was v=35, since the longest wave-
length v’~4 band is the A~-X 0=4 band at 2720 A, A
scan of the A-X 0-5 band is shown in Fig. %(a), but
these data are different, because > 90% of the signal
originates with the dye laser; turning the excimer laser

off results in almost no change in signal, as seen in
Fig. 5(b). Thus, the dye laser alone, operating on the
A<X 0-5 band at 2860 A, dissociates the NO, and then
pumps the NO(v = 5) level. Table I shows that 2920 A is
the threshold for making NO(v=5), so the process is
plausible. However, the lack of effect of the excimer
laser suggests a sharp fall-off in the production rate of
v+5 compared to v =6-8 for 2485 A dissociation, indi-
cating a population inversion.

TABLE I. Wavelength thresholds for producing NOWw)

from NO,.

NO vibrational level Threshold wavelength (1)
0 s
1 3701
2 3464
3 ne1
4 3079
5 2920
] 2779
7 2683
8 2840
9 2437

4. Chem. Phys,, Vol. 79, No. 6, 1 September 1963
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FIG. 3. NO(A-X) and (B~X) 1-7
excitation spectrum. 100 ns de-
tection delay, 70 mTorr NO,, 10
Torr He.
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Having established this effect, we looked more close- of 3.5 when the excimer lager is turned off, and it must

ly at the data for v=6, because the 1-8 A-X and B-X be assumed that the residual signal involves some ther-
bands at 2810 A should not dissociate NO; to produce mal excitation to overcome the 400 cm™ gap between
NO(v =8), the threshold wavelength being 2779 A m 2779 and 2810 A. As expected, there is no signal with-

this instance, the NO(v = 8) population drops by a factor out the excimer laser when sampling v=7 and 8.

NO (A-X) 2-8 2345 6
L

1 RY

FIG, 4. NOWU=-X) 2-8 and NO(8-X) 0-8 excitation spectrum. 100 ns detection delay, 70 mTorr NO,, 10 Torr He.

J. Cham. Phyy,, Vol. 79, No. 8, 1 September 1983
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FIG. 5. NO(4-~X) 0-5 excitation spectrum, 100 ns detection delay, 70 mTorr NOy, 10 Torr He. (a) Excimer laser on. (b) Ex-
cimer laser off. ’

[P ST

The NO; 2491 A band

$6 7 8 9 10 11 12 13 14 15 R
When the KrF laser is injection locked to the dye 123 4 5 6 7 8 9 10 9P

laser output, the tuning range permits study of NO,
photodissociation in the 2491 A band of NO,, the 000-
000 band of the B2B,~% %4, transition. This feature has
been carefully analyzed by Hallin and Merer,'* and we
can make comparisons between NO(v) produced from
dissociation within this band and in the underlying con-
tinuum,

However, we can not obtain a vibrational distribution,
since a third laser would then be required in addition to
the excimer-dye laser combination. What can be done
is to sample the NO(v = 4) level, as lines of the B-X
2-4 band lie throughout the NO, 2491 A band. One is
then dependent on coincidences between lines in the two
bands. Where there is no such coincidence, the exci-
tation scan refers only to NO(r = 4) produced in NO, con-
tinuum absorption.

Such a scan is shown in Fig. 6 for the B—-X 2-4 band,
and underneath it is an absorption spectrum of the 2491
A NO, band, taken with the dye laser at its 0.5 cm™
linewidth. It is evident that there are two strong reso-
nances in the excitation scan, but also that outside the
NO; band, where the NO, absorption cross section is
about two orders-of-magnitude smaller, the gignals are
by no means negligible,

By continuing the injection locked scan to shorter
wavelengths, we can scan the A~X 3-6 band, the fea-

3 78 9R2
————

NO (B-X) 2-4
Excitation Spectrum

34 5P

NO, Absorption Spectrum
L L y i ) ] ]

2489 2490 2401 2492 2493 22494 2495
WAVELENGTM (A}

FIG. 6. NO(B~X)2-4 excitation spectrum, md NO, absorption
spectrum. 100 ns detection delay, 70 mTorr He, 10 Torr He
for excitation spectrum.
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FIG. 7. NOKX, v =8) lifetime vs {NG,], NO, added as 0.7% mix

' in He.

ture observed by McKendrick e¢ al.* The lines have
similar intensities to the B-X 2-4 lines lying outside
the NO, 2491 A band, and we have followed the spectrum
out to 2478 A. Thus, the tuning range is at least 2478
2495 &, considerably greater than the 10 A reported by
Bigio and Slatkine.’

Quenching of NO(v=8)

As the NO(v =8) level i3 the highest accessible with
KrF excimer radiation, observations of its temporal
behavior are not affected by cagcading from higher lev-
els. Thus, its decay can be unambiguously interpreted
as NO(v =8) quenching. By delaying the dye laser pulse
with respect to the excimer laser, we can sample the
NO(v= 8) population as it decays, using a boxcar aver-
ager, and this was done as a function of ([NG,]. The re-
sulting NO(v = 8) lifetimes are plotted against [NQ,] in
Fig. 7, and the loss rate coefficient is 1.1x10™ ¢m?
molecule™ 5!, considerably larger than the value of
2.1%10°'2 cm® molecule™ s*! obtained by Stephenson®®
for quenching of the NO(v = 1) level by NO,. This is
presumably a consequence of the better match between
the NO, vy fundamental frequency, 1618 cm™, and an NO
v=8-17 quantum (1680 cm™), comparedtoa v=1-0
quantum (1876 cm™).

He and N; were also evaluated as quenchers of
NO(v =8) and were found to be ineffective. The upper
limit on the rate coefficient for both gases is 2x 10%
cm? molecule™ s,

DISCUSSION

The high flux density of lasers results in many ef-
fects not encountered with conventional light sources.
One of these involves the saturation of optical transi-
tions, which occurs when the stimuilated emission rate
exceeds the radiative rate. Under such circumstances,
there is equilibration between the upper and lower lev-

els of a transition, and the population of the upper lev-
els is no longer proportional to the oscillator strength
of the transition.

The excitation spectra of Figs. 3 to 6 suggest that
such is the case in the present system, since the A-X
system is inherently much stronger than the B-X (1,
=200 ns, 75=3 u8), yet we see here that the B-X bands
are approximately twice as strong as the A-X bands.

In particular, in Fig. 3, in which the 1-7 bands in each
transition are probed, detection being made on the 16
bands, not only are the lower levels the same, but the
Franck-Condon factors show very little variation.® For
the 1-6 transitions they are 0.10 and 0. 11 for the A-X
and B-X bands, and for the 1-7 transitions, they are
0.061 and 0.0684, respectively.

To determine if the similar A~X and B-X intensities
are due to saturation, we need only calculate the actual
lager flux & and compare it to ¢,, the flux required for
saturation. & is given by

where [ is the energy/pulse, A is the beam cross-sec-
tional area, 7, is the pulse width, vp is the absorber
Doppler width, and v, is the laser linewidth. A 10 mJ
pulse at 2500 A consists of 1.2%10' photons, the beam
cross sectional area was 0.07 cm?, the pulse width was
10 ns, the Doppler width of an NO line at 2500 & and 300
K is 0.08 cm™!, and the dye laser line width was 0.5
em™, resulting in 2 value of & =3x10* photons cm2s™,

The saturation flux is given by

1/2
L CcAX 1
¢'—4" (lﬂ 2) : A ) fRAv'u” !

where ¢ i8 the velocity of light, A is the wavelength, AX
is the absorption (Doppler) linewidth, and rgd . .- is
basically the Franck-Condon factor for the NO transition
being pumped, which is typically 0.1, Thus, $, hasa
value of 9x10% hy/cm?s, and #/4,, the saturation fac-
tor, is 3300.

We therefore conclude that all the NO transitions are
saturated, and the population of adjacent A and B rota-
tional levels, excited from a single rotational lower lev-
el, will differ only by the upper state degeneracies,
which will then favor emission from the B30 state over
the AZ* state by a factor of 2, essentially as observed.

In order to obtain a vibrational distribution from the
data, the procedure is then straightforward. Since the
gignals in the excitation scans for either the B-X or
A-X transitions will be proportional only to the NO(¢)
population and the Franck-Condon factor for emission,
it is not necessary to consider the band oscillator
strength, the absorption Franck-Condon factor, or the
dye laser intensity, unless one or more of these be-
comes extremely smail.

A possible instance of just such an occurrence is the
situation with the A=\ 3-6 band, where the Franck-
Condon factor is some three orders-of-magnitude small-
er than for the other A-X or B~X bands. Nevertheless,
excitation scans comparing the A-X 3-6 and B=-X 2~4
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TABLE II. NO{(4-X) parameters for obtaining NO(v) distribution from 2485 A NO, photodissociation.

Excimer Average Rl

(B=X)

3 Detertion intensity peak height Relative
%' Excitation band Detection band FC factor (Ref. 9) (mJ) (arb. units) population
. 2-8 2-7 0.11 20 16 7.3 v=8)
: 1-7 1-6 0.10 15.0 15 10 (w="7
1-6 1-5 0.13 16.7 13 4.4 (v=6)
1-6 1-5 0.13 3.5
(dye laser alone)
0~5 04 0.091 16.5 15 0.7 (=5
0~5 0-4 0.091 14
(dye laser alone)
2-4 2<5 0.10 20 1 0.5 v=4)

bands at ~ 2490 A show the A-X lines only a factor of
~4 weaker than the B-X lines. It is probable that the
reason that this ratio is not substantially larger is be-
cauge the v =6 population is considerably greater than
that in v=4.

An initial vibrational distribution in NO can be mapped
out by using the signal levels from the A=X and B-X
excitation scans, from the relationship

S 'N'nq.:'u l' s

where S is the observed signal, N, is the population

in NO(v), q,r,+ is the Franck-Condon factor for the ob~
served radiation, and J, is the (relatively invariant) ex-
cimer laser power. For data on'the »=5 and 6 levels,
the contribution to the NO(v) population from the dye
lagser must be subtracted, while the data on A-X 3~6
and B~X 2-4 must be treated somewhat differently,
since the dye laser and broadband excimer laser powers
are not independent in the injection locked mode.

Table I lists the parameters used in obtaining the vi-
brational distributions, and the last column gives a rela-
tive set of populations normalized to NO(v=17). With
one exception, only the A-X data are used, as levels §
and 8 were not sampled in the B-X transition. For the
v=4 level, the B-X 2-4 band is the only relevant datum.
Its excitation spectrum is shown in Fig. 6, but it is not
immediately evident what intensity to take, as the P-R
pair intensities fall off rapidly but not abruptly as the
dye laser is tuned away from the NO, 2491 A bandhead.
The R1(10)-P1(6) intensity is seven times greater than
that for R1(5)=-P1(1), whereas in both the B-X 0-8 and
1-~6 bands, for example, the sum of R1(10) and P1(8) is
less than twice the sum of R1(5) and P1(1). The reason
seems to be that there are weak S-form lines to the
short wavelength side of the 2491 A band, ** which en-
hance the NO, dissociation in the region of the R1(10)~
P1(8) and R1(9)-P1(5) pairs, so that only the first four
P-R pairs should be considered in arriving at a signal
strength to compare with the A-X data. The relative
intensities given in Table I for the A=X bands are ob-
tained from the average height of Rl lines from J=1 to
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10; for the B-X 2-4 band, the average height of the four
=R pairs is halved (to account for the degeneracy fac~
tor), and multiplied by 2/3, since the R lines have about
twice the intensity of the P lines.

The distribution is plotted in Fig. 8, and shows very
sharp peaking at v=7, only two vibrational levels away,
at v=5, Fig. 5 shows that the 16.5 mJ excimer laser
pulse makes virtually no contribution to the excitation
spectrum, which is produced entirely by the 5.7 mJ
2850 A dye laser pulse. The vibrational distribution
produced in 2850 A NO, photodissociation has of course
not been determined, since we only have a datum point
for v=5, the maximum level. However, the fact that
the level population per mJ of pumping energy is three
times as great for the » =5 level produced at 2850 Aas
for the v =7 level produced at 2485 A bears a striking
correlation with the fact that the NO, photoabsorption
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FIG. 8. NO#) distribution from 2488 A NO, photodissociation.
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cross section is three times greater at 2850 than at
2485 A.'* Thus, it appears that at both wavelengths,
the preferentially populated NO(v) levels are those at
or close to the thermodynamic limit.

Since we have no absolute measurements of the fluo-
rescence yields, we have no indication of the extent to
which NO(A) may be depleted by multiphoton ionization.
However, the cross section for the process NO(4, ¢'')
-~ NO*(v’) will be approximately v independent, so de-
duced vibrational distributions in the NO ground state
should be unaffected.

The most relevant study in the literature is that of
Zacharias ef al.,' carried out at 3371 A, In this case,
NO(v =2) is the maximum level, and they showed that
here too a vibrational population inversion is obtained;
the v =2 population accounted for 51% of molecules in
the %I, sublevel, and 42% in the 1y, sublevel. An
earlier study by Busch and Wilson, ® at 3470 A, had
established that the v=0 and 1 levels were equally pop-
ulated, so it is evident that in all NO, studies to date in
which vibrational populations have been determined, the
distributions are nonstatistical and inverted.

Since we have not yet sampled levels in the range v
=0-3, we cannot say if our distribution is bimodal. If
it is not, then Fig, 8 represents the total distribution,
and we would conclude that > 85% of the excess energy
is in NO vibrational modes, even on the assumption that
the molecules are not rotationally hot. We intend to
carry out measurements with dye lasers at shorter wave-
lengths, to sample the lower vibrational levels, using
both continuum and 2491 A dissociation of NO,.

To obtain an idea of rotational temperatures, the data
for the AT’ =X?T,,, 0-5 band (Fig. 5) were used. From
the P2 lines, identified from J=4 to 19, a plot of log [in~
tensity/(2J'’ +1)] vs J''(J +1), is linear over most of the
spectrum [P2(9) to P2(19)], the slope indicating 2 750 K
rotational temperature. Below P2(9), the change in
slope suggests a much lower temperature, on the order
of 130 K. Our initial impulse was to attribute this dif-
ference to a lesser reliability of the line intensities in
the congested region close to the origin, but in fact
Zacharias et al.! have seen just such behavior in their
experiment. The data for their highest accessible level,
v’' =2, are in a sense directly comparable to our v'' =5
data shown in Fig. §, since this excitation spectrum is
due almost entirely to the dye laser, for which the max-
imum accessible level is v'’ =5,

Zacharias ef al.! found that for v'’ =2, the “rotational
temperature” for the first few levels was 60 K, whereas
for levels above /~8, a 1600 K temperature fit the data.
Similar observations were made on the v’’ =1 level, so
there seems to be no question about the validity of the
data. They suggest that there are competing channels
involved in the dissociation, to which we can only add
that the same effect seems to occur when the dissocia-
ting photon has considerably more energy (0. 65 eV).
The fact that Zacharias et al.! observed a higher rota-

tional temperature than was measured in the present
experiments is probably a consequence of relaxation
caused by the 10 Torr He used here.

The question of the mechanism of the dissociative pro-
cess was discussed by McKendrick ef al.* and in choos-
ing between two-photon sequential excitation and one-
photon dissociation followed by LIF of the NO product,
they correctly chose the latter, although their only ob-
servable was the NO(A-X) 3-v'’ progression. The fact
that the distribution that we have observed exhibits a
sharp cutoff for v> 8, lends strong support to their con-
clusion. We can thus say that our observations are en-
tirely consistent with one-photon dissociation, and with
neither two-photon excitation of NO,, nor three-photon
ionization followed by dissociative recombination.

With reference to the 2491 A NO, band, inspection of
Fig. 6 indicates that although there is a large NO(v=4)
population enhancement due to the increased NO, cross
section on lines within this band, the signal would most
likely be much greater if a higher NO vibrational level
were sampled. We plan to examine this question by using
a second dye laser at longer wavelengths; if the NO vi-
bratiomal distribution is similar in the 2491 A band as in
the underlying continuum, then sampling the NO(v =7)
level can be expected to give a much larger signal.

In recent work by Morrison and Grant® and by Morri-
son et al.,® NO, photodissociation has been studied by
multiphoton ionization, using 4200-5200 A radiation as
a source. There is no indication from the MPI spectra
of any signal enhancement at 4982 A (twice the 2491 A
wavelength), but it is not necessarily valid to compare
one- and two-photon processes in this manner. Never-
theless, they reach the interesting conclusion that below
the threshold for the NQ+O('D) dissociative channel at
2439 A, the NO vibrational distribution contains no
NO(v =0) (although when the threshold is exceeded, the
excess internal energy decreases and v =0 is seen).

To the extent that we can compare our experiment and
theirs, their lack of detection of NO{(v = 0) suggests the
absence of a bimodal NO(v) distribution, and implies
that Fig. 8 represents the total distribution.

The most reasonable explanation for such a unique vi-
brational distribution is that a significant change in bond
length occurs between the NO; ground state and the dis-
sociating excited state, such that in a vertical transition,
the excited molecule finds itself well up on a potential
wall. Passage through the exit channel is then accom-
panied by transverse motion, and the molecule and atom
may in principle separate with little translational ener-
gy, but with considerable vibrational energy in the mo-
lecular fragment. This is the model proposed by Mitch-
ell and Simons, '* and considered by Zacharias ef al.}
to explain their v =0-2 distribution. Similar concepts
have been used succassfully by Moser et al.!” to ex-
plain the high degree of NO vibrational excitation ob-
served in the 2480 and 1930 A photodissociation of NOC1.

Our problem with this interpretation is that the NO,
absorption cross section at ~2500 A isata minimum,
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and the identity of the absorbing state is not entirely
clear. The 2491 A band is known to involve the BB,—
X %A, transition, '* and at longer wavelengths (3700~
4600 A) Douglas and Huber'® claim that absorption is to
the A'®B, or i1, states. Zacharias et al.' have invoked
the A*B, and BB, states in 3371 A photodissociation,
and noted that their equilibrium bond lengths are sub-
stantially greater than in the ground state. A greater
spectroscopic understanding of NO, at 2500 A is neces-
sary before we can claim that the high degree of vibra-
tional excitation that we observe is 2 consequence of the
same effect.

There are some interesting consequences of the ob-
servations we have made on NO,, relating on the one
hand to combustion diagnostics, and on the other hand
to studies of vibrationally excited species.

In a fairly unique wavelength region, basically 2640~
2860 A, NO, can be detected with high sensitivity by a
single laser, using sequential photons. The process

NG L NO(w) + OFP)
"1 NO(A, B)~NO+ v,

has a long wavelength limit of 2860 A, which corre-
sponds to the A-X 0-5 band. At this wavelength, v=5
is the highest accessible level in the NO product; any
longer wavelength radiation can only pump NQ levels in
v 3 6, which could not be formed, and thus the second
photon cannot be absorbed.

On the short wavelength side, the single wavelength
process will become inetfective if the vibrational dis-
tribution in the NO product is strongly inverted, as we
show is the case in Fig. 8 for 2485 A NO, photodissocia-
tion. In this case, the B~X 2-4 band is a poor NO
probe (except within the 2491 A NO, band) because NO(v
=4) is 80 underpopulated. It is probably valid to say that
the effective limits of the single wavelength process are
the A-X 0-5 band at 2860 A and the A-X 2-6 band at
2640 A,

Detection of NO, by tuning through these bands, and
sequentially dissociating the parent molecule and ex-
citing the product NO{(v =5, 8) is then a very specific
process. The resultant NO excitation spectrum will be
unique, since such highly vibrationally excited mole-
cules will not normally be found in a combustion sys-
tem. Furthermore, detection can be made at much
shorter wavelengths—~the signal from a 2860 A NO,
probe can be monitored on the NO(A-X) 0-1 band at
2370 A, This may be a very useful feature in avoiding
contaminant emission, such as scattered laser light,
and long wavelength emission from polyatomic mole-
cules, Finally, detecting NO, with UV radiation rather
than using LIF in the visible region presents certain
advantages, for example, (a) the NO(A) radiative life-
time is some two orders-of-magnitude shorter than that
of the NO, states excited in the visible, thus potentially
decreasing quenching problems, (b) LIF of NO, is a
very inefficient process, since the reradiation emerges
over a large spectral region, '* whereas the NO radia-
tion is concentrated in a few bands, and (c) in many

flames there will be much less extraneous optical emis-
sion in the UV than in the visible, making NO detection
easier. For similar reasons, consideration should also
be given to the relative merits of monitoring atmospheric
NO,; in the UV rather than the visible.

In terms of photochemical kinetics, the strong popu-
lation inversion suggests that it is possible to prepare
NO(v) in fairly specific levels. For instance, studies
on NO(v =8), to the exclusion of higher levels, are best
carried out using a KrF laser on NO,. If v=8 is to be
studied, a dye laser operating at ~2700 A would be the
preferred source.

Finally, we would like to suggest that processes of
the type described may be useful for detection of other
polyatomic molecules, the requirement being that there
is a photodissociative continuum for the first photon,
and bands involving the ground state of the vibrationally
excited diatomic product in the same spectral region.
For example, it is probable that HNO, can be detected
by the process

1N0, 3194 o L oHiw =0, 1)
[s100 & OH(AE", v =0,1)
OH(X) +hy .
CONCLUSION

We have demonstrated that a strongly inverted NO vi-
brational distribution is produced from NO, photodis-
socfation at 2485 A, consistent with other studies at
longer wavelength. In regions of the NO, absorption
spectrum coincident with NO(A-X) and NO(B~-X) line
positions, radiation at 2 single wavelength both disso-
ciates the NO, and gives an LIF NO spectrum, and since
high NO vibrational levels are involved, the process is
diagnostic of the presence of NO;. Because the NO,
2491 A band has a very large absorption cross section
relative to other UV regions, NO, detection should be
very sensitive at that wavelength.

We have shown that injection locking of the KrF ex-
cimer radiation can be carried out over at leasta 17 A
range, thus giving a tunable source of 10-20 mJ pulses
at the dye laser linewidth in the 2485 A region.

As the highest thermodynamically permissible NO
vibrational levels are strongly populated in this pro-
cess, it is simple to measure relaxation of these leveis
without cascading effects from higher levels; we have
measured NO(v = 8) quenching by NO;, N,;, and He.
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